Abstract: A high-pulse Conversion technique for high voltage and high power applications such as HVDC transmission system is proposed. The proposed technique, based on the DC current reinjection, further decreases the number of components in the auxiliary circuit to achieve the same pulse number. An optimised control strategy over the whole range of phase delay angle is provided along with sophisticated input current and output voltage analysis. With the pulse multiplication strategy the proposed schemes demonstrate 24pulse, 36-pulse and 48-pulse characteristics both in the input current and in the output voltage. Experimental results from a 3KVA laboratory prototype verify the proposed concept.
as HVDC transmission systems. The proposed technique, based on the DC current reinjection [3] , further decreases the number of components in the auxiliary circuit to achieve the same pulse number. Moreover, an optimised control strategy over the whole range of phase delay angle is provided along with sophsticated input current and output voltage analysis based on switching function [5]. With the proposed high-pulse technique, 24-pulse, 36-pulse and 48-pulse operations are achieved both in the input current and in the output voltage. Therefore, the proposed scheme does not necessitate both AC and DC filters. All the design parameters such as component ratings in per unit basis are provided.
2
Proposed 24-phase scheme Various Ivrioejorms for the pruposed 24-pulse cunuerfri phase by 30" from each other. as shown in Fig. 2 . Fig. 2 shows the various waveforms for the voltages and currents of the proposed 24-pulse scheme in Fig. 1 at phase delay angle of 30". Assuming a negligible ripple voltage across the capacitors C, and C,, voltage U,, on the primary side of transformer Tr,,, is given by:
(1)
Voltage U,, also vanes with each phase delay angle a and its frequency is six times the mains frequency. The two auxiliary thyristors connected to the secondary winding of transformer Tr,, are operated with reference to the voltage
To ensure natural commutation, thyristor T, is fired at angle p, which is measured from the rising edge of the voltage u ,~ (see Fig. 2 Fig. 3 . The switching functions for phase 'h' and 'c' can also be defined by:
to bridge input current
Similarly, the switching functions for the lower bridge can be defined by:
The bridge input currents can then be expressed in terms of the DC rail currents and the switching functions as:
From the MMF balance equation of the main transformer shown in Fig. I , the input line current for phase 'a' can be expressed in terms of the bridge input currents as:
From (2H6) input current i, can then be expressed as:
It is clear from (7) that the input current waveform depends on the injected current i , , i.e. both on the turns ratio of 
Higher pulse operation
The proposed technique for 24pulse operation described in Section 2 can be extended for higher pulse operation such as 36-pulse, 48-pulse etc. For ppulse operation, p/12 auxiliary thyristors arc connected to the taps on the transformer Tr,, as shown in Fig. 6 . With appropriate firing angle control o f the auxiliary thyristors, the waveforms of injected current i,,, have three-level for 36-pulse operation and four-level for 48- Fig. 8 . To ensure natural commutation, the firing order must be from the right to the left when voltage U,, is positive, whereas it must be from the left to the right when voltage U , is negative. Equations (lH9), wlxh are taken from the analysis of input current and output voltage and which are also valid for higher pulse operation, can be used to obtain optimum tap position and firing angles of the auxiliary thyristors to minimise the input current harmonics. Table 1 summarises the optimum tap positions, the optimum firing angles and the firing order of the auxiliary thyristors for the proposed pulse multiplication technique. It is noted that the degree of freedom of the firing angles is limited to one for all of the high-pulse operations. Fig. 4 shows the optimum firing angles with respect to phase angle a for achieving the minimum input current THD for 36-pulse and 48-pulse operations. Input current THDs with the proposed firing angle control are shown in Fig. 5 . In the case of 36-pulse (48-pulse) operation, the input current THD for a phase angle higher than 175" (173") and lower than 5" (8") rises, since the auxiliary thyristors can not be forward biased in this range.
Component ratings
The proposed scheme modifies the current waveform of the original components'and requires additional components in the auxiliary circuit. The VA rating of the transformer is defined by: The worst case VA ratings of the transformers are calculated at angle = 90" and are listed in Table 2 . The VA ratings of the transformers could be smaller than the listed values in the applications where the operating range of the phase angle is usually limited below or above 90". The VA ratings of the transformers Tr,,, and Tr,q for 24-pulse operation at a phase delay angle between 0" and 180" are shown in Fig. 9 . The VA rating of the phase-shifting transformer exhibits a slight increase compared to the conventional 12-pulse operation due to an increase in 286 current rating. The total transformer VA rating in the auxiliary circuit reaches a maximum of 0.247p.u. at angle a = 90" and minimum of 0.065 p.u. at angle a = 0" for 24-pulse operation. The size and weight of the auxiliary transformer is reduced to about 40% of that of a 60Hz transformer of the same rating du2 to six times of frequency operation. The voltage and current rating of the main thyristor and the auxiliary thyristor are also listed in Table 2 . The voltage and current rating of the auxiliary thyristors are smaller than that of the main thyristors. The voltage rating of the auxiliary thyristors could be much smaller since the voltage across the transformer Tr,, is reduced, as the phase angle is usually limited below or above 90" in HVDC applications. A large ripple in voltage U<, due to small capacitance C, may distort the commutation voltage U,,,, which may in turn cause a commutation failure of the auxiliary thyristors. Therefore, capacitance C,(C,) should he determined by taking into account the permissible level of the ripple voltage. Figure 10 shows the current flowing through capacitor C,,, ip,, and the voltage across the capacitor, ucp for 24-pulse operanon. The ripple voltage amplitude Vr*pte for 24operation can he expressed as: The capacitances for the 36-pulse and 48-pgse operation can also be determined in a similar way. Since the blocking capacitors C, and C, are driven with DC voltages, electrolyte capacitors can be used with considerable size and cost reduction [6] .
HVDC applications
It can be noted from Section 4 that the auxiliary circuit of the proposed scheme can be realised in a relatively small size and with low cost compared to conventional tuned passive f Output voltage U, generation, variable speed turbine and high speed gas turbine generation. Direct connection of the generator to an HVDC converter station eliminates many components such as generator step-up transformers, high voltage AC switchyard and filters and AC common bus bars and collector lines, and this could result in significant cost reduction and the improvement of efficiency and reliability [SI. However, the scheme may not operate satisfactorily with AC filters removed due to the circulation 4 of harmonics into the generator and their associated detrimental effects [6] . Furthermore, 12-pulse related harmonics on the DC side are not acceptable due to telephone interference. The use of passive filters is not suitable to variable frequency operations. Therefore, the proposed high-pulse conversion approach which does not necessitate both sides of filter could be an optimal option for the unit connected generator-converter scheme. Fig. 11 shows bipolar configuration of the proposed high-pulse converter for the HVDC sending end. Ground is connected to node 'r' of the upper converter system providing a positive pole and node 'p' of the lower converter system providing a negative pole. The proposed concept of a high-pulse converter is also valid for configuration of the bipolar HVDC receiving end. Moreover, the proposed high-pulse converter schemes can be applied to back-to-back HVDC and monopolar HVDC configurations.
6 Experimental results A 220V, 3KVA laboratory prototype of the proposed high-pulse converter has been constructed and experimental results are provided in this section. Experimental waveforms of the 24-pulse, 36-pulse and 48-pulse operations at phase delay angle a = 30" are shown in Figs. 12-14 respectively. Injected current i, has two-level (Fig. l h , threelevel (Fig  13a) and four-level (Fig. I&) in 24pulse, 36-pulse and 48-pulse operations, respectively, Figs. 126 and 12c show bridge output current io, and bridge input current im,, respectively. Fig. 8d shows in ut current i , with the absence V,,,,, shown in Fig. 12e , is the same as the output voltage of the conventional LZpnlse converter. Output voltage U, of the proposed converter is shown in Fig. 12f : Note that the waveform for output voltage U, illustrates the 24-pulse characteristic. Input currents for 36-pulse -and 48-pulse operations are also shown in Fig. 136 and Fig. 146 which are sinusoidal in shape.
Conclusions
In this paper a new high-pulse converter has been proposed for high voltage and high power applications. The proposed schemes, based on the conventional 12-pulse converter, employ an auxiliary circuit consisting of thyristors and a of the 5", 7", llth, 13", 17 P and 19" harmonics. Voltage proposed high-pulse approach does not necessitate filters on
